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Abstract. Low temperatures and high hydrostatic pres¬ 
sures are typical of the deep sea. The effects of these pa¬ 
rameters on transmembrane signal transduction were 
determined through a study of the A, adenosine recep¬ 
tor-inhibitory guanine nucleotide binding protein-ade- 
nylyl cyclase system in brain membranes of the bathyal 
teleost fish, Antimora rostrata (Moridae). The compo¬ 
nents of this system were analyzed at 5°C and 1 atm, and 
the role of the Aj receptor in the modulation of adenylyl 
cyclase was determined. The A j selective radioligand N 6 - 
pH]cyclohexyladenosine bound saturably, reversibly, 
and with high affinity. The of N 6 -[ 3 H]cyclohexyladen- 
osine estimated from kinetic measurements was 1.1 I 
nAf; the determined from equilibrium binding was 
4.86 nAf. [ v P]ADP-ribosylation of brain membranes by 
pertussis toxin labeled substrates with apparent molecu¬ 
lar masses of 39,000 to 41,000 Da. Basal adenylyl cyclase 
activity was inhibited in a concentration-dependent 
manner by the A! adenosine receptor agonist N 6 -eyelo- 
pentvladcnosine (1C 50 = 5.08 nAf). The inhibition of ad¬ 
enylyl cyclase activity was dependent upon GTP. Basal 
adenylyl cyclase activity was unaffected by 272 atm of 
pressure. The efficacy of 100 gAl N^-cyclopentyladeno- 
sine as an inhibitor of adenylyl cyclase was the same at 
atmospheric pressure and at 272 atm. The inhibition of 
adenylyl cyclase by the agonist 5-N-ethylcarboxami- 
doadenosine (100 nAf) at 212 atm was twice that ob¬ 
served at atmospheric pressure. Although consideration 
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of the effects of low temperature and high hydrostatic 
pressure on acyl chain order suggest that deep-sea condi¬ 
tions will perturb membrane function, signal transduc¬ 
tion by the A, receptor system of the bathyal fish A. ros¬ 
trata is not disrupted by deep-sea conditions. 

Introduction 

The low temperatures and high hydrostatic pressures 
of the deep ocean may disrupt the biochemical and phys¬ 
iological functions of organisms colonizing this habitat 
(Siebenaller and Somero, 1978, 1989). Membrane-asso¬ 
ciated systems are likely to be particularly sensitive be¬ 
cause of the ordering effects of these environmental vari¬ 
ables on the organization of acyl chains of lipids (Chong 
and Cossins, 1983; Hochachka and Somero, 1984). 
Comparisons of homologous cytoplasmic proteins from 
deep- and shallow-living teleost fishes have established 
the importance of adaptation to deep-sea temperatures 
and pressures (Siebenaller and Somero, 1989). Studies of 
membranes and associated systems in deep-sea organ¬ 
isms indicate that these systems also adapt ( e.g ., Cossins 
and Macdonald, 1984, 1986; DeLong and Yayanos, 
1985, 1987; Gibbs and Somero, 1989). 

To further understand the effects of deep-sea condi¬ 
tions, and to identify potential adaptations of transmem¬ 
brane signal transduction, we studied the A, adenosine 
receptor and its associated effector elements in brain tis¬ 
sue of a deep-living cold-adapted marine teleost fish, 
Antimora rostrata. The objectives of this study were: (1) 
to determine whether the A! receptor of a typical deep- 
sea species is coupled to adenylyl cyclase, and (2) to as¬ 
certain whether this coupling is functional under the 
conditions of low temperatures (0-6°C) and high hydro¬ 
static pressures (85-250 atm) experienced by A. rostrata. 
To this end, we undertook a molecular dissection of this 
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signal transduction system, characterized ligand binding 
to the A, receptor, identified the associated GTP-binding 
proteins, and determined basal adenylyl cyclase activity 
and the role of Aj receptor agonists and GTP-binding 
proteins in modulation of cAMP accumulation. 

A. rostrata is a benthopelagic morid commonly found 
in the Atlantic and South Pacific Oceans at bathyal 
depths of 850 to 2500 m (lwamoto, 1975; Wenner and 
Musick, 1977). [Pressure increases 1 atm (=101.3 kPa) 
for every 10 m of depth in the ocean.] A. rostrata is re¬ 
placed by the congener A tnicrolepisi n the North Pacific 
(Small, 1981). Many adaptations to hydrostatic pressure 
and low temperature have been documented for these 
species (e.g., Hochaehka, 1975; Siebenaller and Somero, 
1979; Somero and Siebenaller, 1979; Cossins and Mac¬ 
donald, 1984, 1986; Avrova, 1984; Yancey and Siebe¬ 
naller, 1987; Hennessey and Siebenaller, 1987; Gibbs 
and Somero, 1989). 

A, adenosine receptor modulation of adenylyl cyclase 
was selected for two reasons as a model with which to 
examine pressure and temperature effects on transmem¬ 
brane signal transduction. First, our previous studies had 
documented the widespread distribution of this receptor 
among the classes of chordates, including decp-occurring 
teleosts (Siebenaller and Murray, 1986, 1988), and we 
had also identified potentially adaptive differences in li¬ 
gand binding among species (Murray and Siebenaller, 
1987; Siebenaller and Murray, 1988). Agonist occupa¬ 
tion of the Aj adenosine receptor inhibits cAMP accu¬ 
mulation in mammalian central nervous tissue prepara¬ 
tions (reviews by Wolff' et ctl 1981; Londos ct al.. 1983; 
Snyder, 1985; Williams, 1987). The A| adenosine recep¬ 
tor is coupled to adenylyl cyclase [ATP pyrophosphate- 
Ivase (cyclizing); EC 4.6.1.1] by an inhibitory guanine 
nucleotide binding protein (G, protein). Agonist occu¬ 
pation of the other subclass of adenosine receptor cou¬ 
pled to adenylyl cyclase, the A 2 receptor, stimulates ad¬ 
enylyl cyclase activity. These receptors are further distin¬ 
guished on the basis of the rank order potencies of 
adenosine analogs (Daly, 1983a, b; Stone, 1985; Wil¬ 
liams, 1987). 

At a measurement temperature of 22°C, the binding 
affinities, specificities, and pharmacological profiles of 
the A j adenosine receptors in teleost fishes are similar to 
those of mammals (Siebenaller and Murray, 1986; Mur¬ 
ray and Siebenaller, 1987). The binding of agonists to the 
high affinity state of mammalian A] receptors is dis¬ 
rupted by the low temperatures typical of body tempera¬ 
tures of many cold-adapted fishes (e.g., Bruns et al., 
1980; Irost and Schwabe, 1981; Murphy and Snyder, 
1982; Lohse et al., 1984; Siebenaller and Murray, 1988). 
However, agonist recognition and binding properties of 
the A, adenosine receptors are retained in evolutionary 
adaptation to different body temperatures. For instance. 


for eight vertebrate species with body temperatures of 1 - 
40°C, K<, values for the agonist N 6 -[ 3 H]cyclohexyladeno- 
sine ([ 3 H]CHA) measured at 5°C varied 30-fold; how¬ 
ever, the binding affinities vary only four-fold when com¬ 
pared at temperatures similar to the species' body tem¬ 
peratures (Siebenaller and Murray, 1988). 

Materials and Methods 

Specimens 

Demersal adult Antimora rostrata (Moridae) were col¬ 
lected by otter trawl at their depths of typical abundance 
(850-2500 m) off the coast of Newfoundland, Canada, 
on a cruise of the R/V Gyre in May 1986. Brain tissue 
was dissected, frozen in liquid nitrogen at sea, and trans¬ 
ported to the laboratory where tissues were maintained 
at —8()°C until used. For the [ 3 P]ADP-ribosylation ex¬ 
periments described below, brain tissue from the mac- 
rourids. Macrounis berglax, Coryphaenoides rupestris. 
and C armatus , taken off'the coast of Newfoundland, 
the scorpaenids, Sehastolohus alascanus and S. altivelis, 
taken on a cruise of the R/V IVecoma off the coast of 
Oregon, and the salmonid, Oncorhynchus mykiss 
(Salma gainlneri ), raised at the Food Toxicology and 
Nutrition Laboratory of Oregon State University, were 
also used. The macrourid species were chosen because 
they represent a primarily deep-sea family. The Sebasto - 
lobus species have been employed in a variety of pressure 
adaptation studies (Siebenaller and Somero, 1989), and 
O. mykiss is a pelagic freshwater species. 

Reagents 

[Adenylate- 32 P]-nicotinamide adenine dinucleotide 
([ P]NAD, 31.31 Ci/mmol), [ 3 H]CHA (34.4 Ci/mmol), 
[a- 32 P]ATP (800 Ci/mmol) and [ 3 H]cAMP (30.5 Ci/ 
mol) were from DuPont NEN (Wilmington. Delaware). 
The R- and S-diastereomers of N 6 -phenylisoprop\iaden- 
osine (P1A), 5'-N-ethylcarboxamidoadenosine (NECA), 
and papaverine were obtained from Research Biochemi- 
cals, Inc. (Wayland, Massachusetts). Pertussis toxin was 
from List Biological Laboratories (Campbell, Califor¬ 
nia). Electrophoresis reagents and molecular weight 
standards were from Bio-Rad (Richmond, California). 
Adenosine deaminase (Sigma, Type VI), N 6 -cyclopentyI- 
adenosine (CPA), 2-chloroadenosine, and all other 
chemicals used were from Sigma Chemical Co. (St. 
Louis, Missouri). Water was processed through a four- 
bowl Milli-Q purification system (Millipore, Bedford, 
Massachusetts). 

Preparation of brain membranes 

Antimora rostrata brain membranes for assays of li¬ 
gand binding were prepared following the procedures de¬ 
scribed by Murray and Siebenaller (1987). 
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For adcnylyl cyclase assays, brain tissue was disrupted 
with a Douncc (pestle A) in 100 volumes of 10 m M 
HEPES, pH 7.6 at 5°C, and centrifuged at 27,000 X g(0- 
4°C) for 10 min. The pellet was resuspended in buffer, 
centrifuged at 27,000 X g for 10 min, resuspended in 
buffer, and 7.5 units/ml of adenosine deaminase were 
added. The homogenate was incubated at I8°C for 30 
min, chilled on ice, centrifuged at 27,000 X g, and the 
pellet resuspended in buffer and 7.5 units/ml adenosine 
deaminase. Fifty microliters of this homogenate were 
used in the adenylyl cyclase assays. 

For ADP-ribosylation experiments, membranes were 
homogenized with a Dounce (pestle A) in 40 volumes of 
50 m \f Tris-HCl, pH 7.6 at 5°C. The homogenate was 
centrifuged at 27,000 X g for 10 min. The pellet was re¬ 
suspended in 40 volumes of I ris-11C1 buffer. Fifty micro¬ 
liters of this were used for the ribosylation experiments. 

Protein was determined by the method of Lowry et al. 
(1951) following solubilization of the samples in 0.5 M 
NaOH. Bovine serum albumin (Sigma Chemical Co.) 
was used as the standard. 

Time course of agonist association and dissociation 

Aliquots of brain membranes were incubated with 
2.85 n At [ 3 H]CHA in 50 m At Tris-HCl, pH 7.6 at the 
incubation temperature of 5°C. Nonspecific binding was 
determined simultaneously in the presence of 60 pAl R- 
P1A. For the dissociation experiments, samples were first 
incubated at 5°C with 2.85 nAf [ 3 H]CHA for 240 min to 
allow binding to reach equilibrium. R-P1A (60 pAl) was 
added in a negligible volume (1% of the total) to initiate 
the dissociation reaction. Samples were started at timed 
intervals, and all incubations were terminated simulta¬ 
neously by filtration over No. 32 glass fiber filter strips 
(Schleicher and Schuell Inc., Keene, New Hampshire) 
using a cell harvester (Brandel Instruments, Gaithers¬ 
burg, Maryland). The data were analyzed as described 
below. 

Equilibrium binding assay for membrane bound 
A i adenosine receptors 

The rapid filtration assay described by Bruns et al. 
(1980) and Murray and Cheney (1982) was used with 
minor modifications to determine the specific binding of 
the A,-selective agonist [ 3 H]CHA to A. rostrata brain 
membranes. Assays were conducted in Tris-HCl, pH 7.6, 
at the incubation temperature of 5°C. The procedures de¬ 
scribed in Siebenaller and Murray (1988) were followed. 
Brain membrane protein (0.4-1.2 mg) was added to each 
assay tube. 

[ 32 P]A DP-ribosvlation 

Pertussis toxin-catalyzed [ 32 P]ADP-ribosylation of 
GTP binding proteins followed the procedures described 


in Ribeiro-Netoe/r//. (1985) and Greenberg et al. (1987). 
The 100->ul incubation mixture contained 100 mAt Tris- 
HCl, pH 7.5, at the incubation temperature of 5°C, 25 
m At dithiothreitol, 2 m At ATP, 0.1 m Al GTP, 5 ^Ci 
[ 32 P]-NAD, 1.5 pg soybean try psin inhibitor, 15 fig baci¬ 
tracin, 2 pg pertussis toxin, and 37-92 fig membrane pro¬ 
tein. After 3 h, the reaction was stopped by adding 50 p\ 
of stop solution (3% sodium dodecyl sulfate, 42% glyc¬ 
erol, 15% 2-mercaptoethanol, 200 m At Tris-HCl, pH 
6.8, at 20°C) and boiled for 5 min. The denatured sam¬ 
ples were subjected to sodium dodecyl sulfate polyacryl¬ 
amide electrophoresis in a 1.5-mm thick 12.5% acryl¬ 
amide gel following Laemmli (1970). The gel was stained 
with 0.25% Serva Blue R (Serva Fine Biochemicals, 
Westbury, New York) in 25% 2-propanol, 10% acetic 
acid, destained and dried. The dried gels were exposed to 
Kodak (Rochester, New York) X-Omat AR film. Du¬ 
Pont Cronex Lightning Plus intensifying screens were 
used. 

Adenylyl cyclase assays 

The standard adenylyl cyclase assay contained in a to¬ 
tal volume of 150 ^1, 10 to 20 fig of A. rostrata brain 
membrane protein, 50 m At HEPES, pH 7.6 at the assay 
temperature of 5°C, 50 pAl 2-deoxy-ATP, approximately 
1 to 1.5 X 10 6 cpm [«- 32 P]ATP, 10 pAl GTP, 6.25 m Al 
Mg acetate, 100 m At NaCl, 7.5 units creatine kinase, 5 
m Al phosphocreatine, 1.5 pg soybean trypsin inhibitor, 
15 pg bacitracin, and other constituents as indicated be¬ 
low. Assays were conducted in triplicate in a refrigerated 
water bath for 2 h. The reaction was stopped by adding 
250 ^1 of 2% sodium dodecyl sulfate, 45 m At ATP, and 
1.3 mAt cAMP. The samples were boiled for 3 min and 
600 p\ of water were added. [ 32 P]cAMP generated in the 
assays was determined according to Salomon et al. 
(1974). 

For assays of the effects of hydrostatic pressure on ad¬ 
enylyl cyclase activity and inhibition, samples were 
transferred to polyethylene tubing. The tubing was 
trimmed to exclude air bubbles and sealed using a pipet 
heat sealer, [ff I]cAMP (approximately 20,000 cpm) was 
used as an internal standard to monitor the recovery' of 
sample through the sealing and incubation, and through 
the subsequent column chromatography steps isolating 
the [ 32 P]cAMP from the [ 32 P]ATP following Salomon et 
al. (1974). The pK a of HEPES, the buffer used in these 
experiments, is relatively insensitive to pressure (Bern¬ 
hardt et aL 1988). Samples were incubated in high pres¬ 
sure vessels maintained at 5°C in a refrigerated circulat¬ 
ing water bath. The high pressure apparatus is described 
in Hennessey and Siebenaller (1985). Samples were incu¬ 
bated for 120 min. The time required to seal and pressur¬ 
ize a group of four samples and the time required to re- 
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move the samples was less than 6% of the incubation 
time at elevated pressure. Samples sealed and incubated 
at atmospheric pressure have adenylyl eyelase activities 
identical to samples that are incubated in test tubes. 

Data analysis 

The kinetic parameters for the time course of associa¬ 
tion and dissociation of specific [ 5 H]CHA binding were 
estimated using the equations of Weiland and Molinoff 
(1981). Rate constants were calculated by least squares 
linear regression. 

The association data were analyzed as a pseudo-first 
order reaction described by the equation: 

|n -[BoJ- = j, j k + k )( = k , 

where [B e J is the amount of [ H]CHA bound at equilib¬ 
rium, [B] is the amount bound at time t, [L] is the con¬ 
centration of [ 3 H]CHA. The pseudo-first order rate con¬ 
stant, k obs is determined from the slope of plots of In 
[B e J/([B e J - [B]) versa s time (Weiland and Molinoff, 
1981; Kitabgi et ai, 1977). 

The first order dissociation constant (k ,) was deter¬ 
mined from a plot of the equation: 

In [B]/[B 0 ] = k_jt 

where [B 0 ] is the concentration of bound [ ? H]CHA at 
time 0. The ratio of the rate constants (k i/k fl ) provides 
an estimate of the equilibrium dissociation constant (K d ) 
for [ 3 H]CHA binding. 

Saturation isotherms were analyzed using LUNDON- 
1 (Lundon Software, Inc., Cleveland, Ohio) iterative 
curve fitting routines (Lundeen and Gordon, 1985). 

Concentration-response data for inhibition of ade¬ 
nylyl cyclase were analyzed by fitting a three parameter 
logistic equation to the data. The equation used was: 


1 H- 

(IC 50 ) 

where Y is the rate of adenylyl cyclase activity (pmol 
cAMP min 1 mg protein *) in the presence of a given 
concentration of adenosine analog (X); E is the activity 
of adenylyl cyclase in the absence of adenosine analog; 1 
is the activity in the presence of a maximally inhibiting 
concentration of adenosine analog; and 1C 50 is the con¬ 
centration of adenosine analog that produces a half-max¬ 
imal inhibition of the adenylyl cyclase activity. The con¬ 
centration-response data were analyzed with an un¬ 
weighted nonlinear regression analysis program using 
F1TFUN, a computer modeling program on the 
PROPHET II Computer System. 



TIME (min) 

Figure I. Time course of association of specific pH]CHA binding 
\o Antimorct rostral a brain membranes at 5°C. [ 3 H]CHA(2.85 n \/)was 
incubated at 5°C with 0.52 mg membrane protein per tube prepared as 
described in Materials and Methods. Nonspecific binding was mea¬ 
sured in the presence of 60 pM R-PIA and was constant throughout 
the association reaction. Inset shows the pseudo-first order replot of 
pH]CHA association data A single representative expenment is 
shown. 


Results 

Time course of association and dissociation 

At 5°C, the agonist [ 3 H]CHA bound specifically and 
reversibly to the A. rostrata brain membranes. By 120 
min, the specific binding of [ 3 H]CHA was 87% of that 
observed at 240 min (Fig. 1). Nonspecific binding was 
constant throughout the association reaction. The k obs 
calculated from the plot of In [B e J/([B eq ] - [B]) against 
time was 0.0484 ± 0.00719 min 1 (Fig. I, inset). Exami¬ 
nation of the data in the inset suggest that a multiple pa¬ 
rameter fit might provide a better fit. However, we ap¬ 
proximated k obs by a single parameter because we did not 
have sufficient data to fit a multiple parameter model. 
The dissociation rate constant (k ,) was determined di¬ 
rectly by following the dissociation of specifically bound 
[ 3 HJCHA by the addition of 60 pM R-PIA. The [ 3 H]- 
CH A was readily dissociated on addition of excess R-Pl A 
(Fig. 2). T he k j calculated from the plot of In [B]/[B 0 ] 
versus time was 0.0136 ± 0.0006 min 1 (Fig. 2, inset). K d 
of [ 3 H]CHA was estimated from the ratio of k t /k +1 . 
This kinetically derived estimate of the equilibrium dis¬ 
sociation constant, K d , was 1.11 n M. 

Equilibrium saturation analysis 

The specific binding of [ 3 H]CHA at 5°C to A. rostrata 
brain membranes was saturable (Fig. 3). Specific bind¬ 
ing, defined as total binding minus nonspecific binding 
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Figure 2. Time course of RTIA-induced dissocialion of specific 
[ 3 H]CHA binding in Antimora rostrata brain membranes. Membranes 
(0.52 mg protein) were first incubated at 5°C with 2.85 n M [ 3 H]CHA 
for 240 min to allow binding to reach equilibrium. Sixty pM R-PIA 
was added in a negligible volume (1% of the total incubation volume) 
to initiate the dissocialion reaction. The nonspecific binding, which has 
been subtracted from each experimental point, was determined in the 
presence of 60 nM R-PIA. Inset depicts the hrsl-order replot ofdissocia- 
tion data and represents the best least-squares regression line. Data 
shown are from a single experiment. 


determined in the presence of 30 pM R-PIA, saturated 
over the range of 0.096 to approximately 16 n M. Non¬ 
specific binding increased linearly as a function of [ 3 H]- 
CHA concentration. Analysis of the [ 3 H]CH A saturation 
isotherm, using equations based on mass action princi¬ 
ples, indicated that the data were adequately described 
by interaction with a single high affinity state of the re¬ 
ceptor. Computer modeling of replicate experiments 



Figure 3. Equilibrium saturation binding of [ 3 H]CH A to Anlimora 
rostrata brain membranes at 5°C. Membranes were incubated 150 min 
with 11 concentrations of free [ 3 H]CHA ranging from 0.096 to 15.7 
nA/in this experiment. Specific binding is indicated by the filled circles. 
Nonspecific binding, shown by the open triangles, was determined in 
the presence of 30 pM R-PIA. 


A 


B 
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Figure 4. Autoradiogram of leleosl fish brain membrane prepara¬ 
tions [ 32 P]ADP-ribosylated by pertussis toxin at 5°C Preparations were 
incubated for 2 h with [ 3? P]NAD with (A) or without (B) pertussis 
toxin. The samples were denatured and subjected to sodium dodecyl 
sulfate polyacrylamide electrophoresis in 12.5% acrylamide gels follow¬ 
ing Laemmli (1970). The gels were dried and exposed to x-ray film. 
1. Antimora rostrata, 2. Sebaslolobus alascanus , 3. S altivelis . 
4. Macrurus berglax, 5. Corypfuienoidcs rupestris, 6. C. armatus, 
7. Oncorhynchus mykiss 


yielded an average value of 4.86 ± 0.95 nAI with a 
density of 25.6 ± 2.02 fmol mg membrane protein '. 
The value obtained from the saturation isotherm is 
in relatively good agreement with the kinetically derived 

value of 1.11 n Al. 

[ 32 P]ADP-ribosylation 

Figure 4 shows an autoradiogram of a sodium dodecyl 
sulfate Laemmli gel used to resolve brain membrane 
preparations incubated with [ 32 P]NAD in the presence 
and absence of activated pertussis toxin. [ 32 P]ADP-ribo- 
sylation did not occur in the absence of pertussis toxin. 
Substrates of approximately 39,000 to 41,000 Da appar¬ 
ent molecular mass were specifically labeled in the brain 
membrane preparations from each of the seven teleost 
species surveyed. In the autoradiogram some prepara¬ 
tions clearly have two labeled substrates, e.g., Macronrus 
berglax and Coryphacnoides rupestris { Fig. 4). The ribo- 
sylation reaction was performed at 5°C to maintain 
membrane viscosity close to the body temperatures of 
these species. At this temperature, pertussis toxin-cata¬ 
lyzed ribosylation of membranes from cold-adapted 
deep- and shallow-living marine teleosts and the fresh¬ 
water species, O. mykiss, results in labeling of compo¬ 
nents similar to those of warm-adapted species. The rela¬ 
tive molecular masses of the components ribosylated are 
in the range corresponding to the molecular masses re¬ 
ported for the alpha subunits of the GTP-binding pro¬ 
teins G, and G 0 , an “other” G protein of unknown func¬ 
tion, in other species (41,000 Da and 39,000 Da, respec¬ 
tively; Gilman, 1987; Pfeufferand Helmreich, 1988). 

A deny hi cyclase 

The time courses for basal and 0.1 fiM forskolin-stim- 
ulated adenylyl cyclase activity in A. rostrata brain mem- 
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Figure 5. Time course ol the aden\l\l cyclase reaction at 5 ( in 
brain membranes from Anti worn rostrata Open circles: basal adenylvl 
cyclase activity. Filled circles: forskolin (0.1 nM ) stimulated activity 
Reaction mixture contained 50 m W HEPES, pH 7.6, at 5°C, 4 n\M 
magnesium acetate, 50 n M 2-deoxy AI P. 100 cAMP, 200 pa¬ 
paverine, 6.3 mg creatine phosphate, 2 mg creatine phosphokinase, 100 
m M NaCl, 10 ^4/GTP, and 2.5 unils/ml adenosine deaminase. 


branes are shown in Figure 5. At 5°C, both the basal and 
forskolin-stimulatcd rates were linear for at least 120 
min. An incubation time of 120 min was used for all sub¬ 
sequent experiments. 

The inhibition of basal adenylyl cyclase activity by N b - 
cyclopcntvladenosine (CPA) was used as a biochemical 
measure of the extent of coupling of A, receptors to ad¬ 
enylyl cyclase via a guanine nucleotide regulatory pro¬ 
tein. CPA is a highly selective A, adenosine receptor ago¬ 
nist and was used to eliminate potential interactions with 
the A: adenosine receptor (Bruns et al., 1986; Williams 
et al., 1986) or with the P-site on the catalytic subunit of 
adenylyl cyclase (Londos et a!., 1983; Blair et al., 1989; 
Johnson et al., 1989). The dependence of CPA-induced 
inhibition of adenylyl cyclase activity on GTP concen¬ 
tration is depicted in Figure 6. Basal adenylyl cyclase ac¬ 
tivity in the absence and presence of 100 y.M CPA is 
shown. CPA had little effect on adenylyl cyclase activity 
in the absence of added GTP; however, at GTP concen¬ 
trations of l to 100 nM. the A, selective agonist inhibited 
activity. A representative concentration response curve 
in Figure 7 depicts the inhibition of basal adenylyl cy¬ 
clase activity in A. rostrata brain membranes by various 
concentrations of CPA. The IC50 value lor inhibition of 
adenylyl cyclase was 5.08 ± 2.65 /u M. The maximal inhi¬ 
bition of basal activity by CPA ranged from 7 to 17%. 
Other adenosine analog agonists, such as R-P1A, 2-chlo- 
roadenosine, and NECA displayed similar efficacies as 
inhibitors of adenylyl cyclase activity (data not shown). 
The concentration-dependent inhibition of adenylyl cy¬ 
clase activity is consistent with the involvement of A l re¬ 
ceptors in the inhibitory modulation of the enzyme. 



GTP (M) 


Figure 6. Effect of GTP concentration on Antimora rostrata brain 
membrane basal adenylyl cyclase activity in the absence (open circles) 
and presence (filled circles) of 100 nM CPA at 5°C. 


As shown in Figure 8, the basal adenylyl cyclase activ¬ 
ity of the deep-living fish A. rostrata was unaffected by 
272 atm of pressure, which is comparable to the pres¬ 
sures experienced by the species at the lower end of its 
depth range. At atmospheric pressure, basal adenylyl cy¬ 
clase activity is 3.3 ± 0.07 pmol min 1 mg membrane 
protein” 1 . Basal activity is unchanged at 272 atm (3.3 
±0.11 pmol min 1 mg” 1 ). The efficacy of the adenosine 
receptor agonists CPA (100 fxM) and NECA (100 (iM) 
as inhibitors of adenylyl cyclase were compared at atmo¬ 
spheric pressure and 272 atm. As shown in Figure 8, 
the increased pressure doubled the mean percentage in¬ 
hibition of basal activity by NECA over that observed at 
1 atm (14 ± 8% at atmospheric pressure, 29 ± 2% at 272 
atm) but had no effect on the inhibition by CPA (9 ± 5% 
at atmospheric pressure and 8 ± 5% at 272 atm). 



Figure 7. Inhibition of Antimora rostrata brain membrane basal 
adenylyl cyclase activity by the A( adenosine receptor agonist CPA at 
5°C. 
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Pressure 

Figure 8. The effects of hydrostatic pressure on Aniimora rostrata 
basal adenyly) cyclase activity (open bar) and inhibition of basal ade- 
nylyl cyclase activity by the adenosine analogs CPA (100 nM: tilled 
bar) and NECA (100 n\t; hatched bar). Membranes were incubated at 
atmospheric pressure or 272 atm pressure for 2 h at 5°C. All values are 
standardized to the 1 atm basal adenylyl cyclase activity. The I atm 
and 272 atm basal activities were 3.3 pmol min 1 mg protein '. The 1 
atm data are the mean of three replicates; the 272 atm values are the 
mean of six replicates. The average standard errors are 11.7% of the 
values of the mean. 


Discussion 

Binding of the agonist [ 3 H]CHA to the A, receptor in 
A. rostrata brain membranes at 5°C is saturable and 
readily reversible (Figs. 1,2, 3). At 5°C, the rate constants 
determined for A rostrata from association-dissociation 
experiments are lower than those reported for two scor- 
paenid fishes, Sebastolobus alascanus and S. altivelis , at 
a measurement temperature of 22°C (Murray and Siebe- 
naller, 1987). The k obs for the A. rostrata binding reaction 
is only 21 to 25% of the values obtained for the Sebasto¬ 
lobus species at 22°C. The k x value for A. rostrata is only 
40 to 65% of the 22°C values. At 22°C the binding reac¬ 
tion in Sebastolobus membranes is complete in 30 min. 
In contrast, at 5°C, the reaction in A. rostrata mem¬ 
branes takes more than four times as long to reach equi¬ 
librium (Fig. 1). At 5°C, which approximates the body 
temperatures of these three species, the values are 
similar (Siebenaller and Murray, 1988). 

At 5°C, the rank order potencies of agonists is compat¬ 
ible with that expected for the A, receptor (Fig. 9; Siebe¬ 
naller and Murray, 1988). The Kj values indicate dis¬ 
crimination of the R- and S-diastereomers of PIA (4.5 
and 115.9 nM, respectively). The rank order potency se¬ 
ries expected for A, receptors is R-P1A > 2-chloroadeno- 
sine > NECA > S-P1A, and for A 2 receptors NECA > 2- 
chloroadenosine > R-P1A > S-P1A (Daly, 1983 a, b; 
Stone, 1985; Williams, 1987). The rank order potencies, 
the discrimination between R-P1A and S-P1A, and the 
K d of [ 3 H]CHA values are characteristic of an A, adeno¬ 
sine receptor. 


The substrates specifically p : P]ADP-ribosylated by 
pertussis toxin in A. rostrata and six other teleost species 
(Fig. 4) have apparent molecular masses characteristic of 
the class of alpha subunits from the guanine nucleotide 
binding regulatory proteins G, and G 0 (Gilman, 1987; 
Pfeufterand Helmreich, 1988). TheGTP-dependcnceof 
CPA-induced inhibition of cAMP accumulation (Fig. 6) 
demonstrates a role for these G proteins in the coupling 
of the Aj receptor to negative modulation of adenylyl 
cyclase activity in A. rostrata brain membranes. In the 
presence of GTP, CPA inhibited basal adenylyl cyclase 
activity with an lC 50 of5.08 ± 2.65 ^3/(Fig. 7). The max¬ 
imal inhibition ranged from 7 to 17%. T his degree of in¬ 
hibition is similar to the maximal inhibition of adenylyl 
cyclase by CPA in embryonic chick heart membranes 
(Blair etaL 1989). 

The A, adenosine receptor of the deep-living teleost, 
Antimora rostrata , is capable of modulating the activity 
of adenylyl cyclase under the conditions of low tempera¬ 
ture and high hydrostatic pressure, which characterize 
the bathyal habitat (Fig. 8). Experiments currently un¬ 
derway, using brain tissues from other species, indicate 
that the A! adenosine receptor-G r adenylate cyclase sys¬ 
tem can be markedly perturbed by hydrostatic pressures 
less than the 272 atm used in the present study. For in¬ 
stance, in shallower-occurring fishes, basal adenylyl cy¬ 
clase activity is inhibited 1 1 to 25% by 136 atm pressure 
(Siebenaller and Murray, work in progress). In contrast, 
A. rostrata brain tissue adenylyl cyclase is unaffected by 
272 atm pressure, the highest pressure tested. The effi¬ 
cacy of agonists at the A I adenosine receptor is not les¬ 
sened by increased pressure (Fig. 8). CPA-induced inhi¬ 
bition of adenylyl cyclase was unaltered, and the efficacy 
of NECA increased. Thus, basal adenylyl cyclase activ¬ 
ity, as well as signal transduction by the A! receptor sys- 



Figure 9. Inhibition of specific [ 3 H]CHA binding in Aniimora rnv- 
irata hrain membranes by adenosine analogs: R-PIA (open circle), 
NECA (open triangle), 2-chloroadenosine (filled circle), S-P1A (filled 
triangle). Eleven concentrations of each analog were incubaied with 
memhranes and 7.9 n M [ 3 H]CHA for 150 min at 5°C. 
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tern, are functional under the conditions of pressure and 
temperature at which A. rostrala occurs. 

Consideration of the effects of low temperature and 
high hydrostatic pressure on membrane viscosity (Cos- 
sins and Macdonald, 1989) suggests that any of the com¬ 
ponents of the A! receptor-G, protein-adenylyl cyclase 
complex may be susceptible to perturbation in organ¬ 
isms colonizing the deep sea. For A. roslrala , the func¬ 
tion of this transmembrane signaling complex is main¬ 
tained at low temperature and high hydrostatic pressure. 
The pressure insensitivity of this membrane-associated 
system in A. roslrala is analogous to the pressure adapta¬ 
tions observed for cytoplasmic proteins (Siebenaller and 
Somero, 1989). The K m values of NAD-dependent dehy¬ 
drogenases of deep-living species are relatively insensi¬ 
tive to perturbation by pressure. In contrast, homologous 
enzymes from shallow-living, cold-adapted species arc 
perturbed by pressures as low as 68 atm. By having pres¬ 
sure-resistant enzymes, function is preserved over the 
range of depths that may be experienced by an individual 
during ontogeny or diel vertical migrations, or by a spe¬ 
cies maintaining populations over a broad depth gradi¬ 
ent (Siebenaller, 1987). 

Gibbs and Somero (1989) hypothesized, based on 
their study of Na + /K + -ATPase in teleost gill tissue, that 
clear adaptations of membrane-associated systems to 
pressure may only be apparent in species occurring at 
depths greater than 2000 m. Although our data do not 
directly test this hypothesis, the pressure insensitivity of 
the A, receptor and effector system in A . roslrala . which 
commonly occurs to depths of 2500 m, arc compatible 
with their suggestion. This pressure resistance in A. ros¬ 
lrala is a standard with which to compare the effects of 
environmental parameters on transmembrane signal 
transduction in other deep- and shallow-occurring spe¬ 
cies. 
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